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Abstract: Minimally invasive laser surgeries that require the use of a flexible endoscope
(flexiscope) could benefit from high-energy nanosecond laser pulses delivered through fibers
for real-time tissue characterization and phenotyping. The damage threshold of the fiber’s glass
material limits the maximum amount of deliverable peak power. To transmit high-energy pulses
without damaging the fiber material, large-diameter fibers are typically used, leading to a limited
bending radius. Moreover, in a large-core fiber, self-focusing can damage the fiber even if the
tip remains intact. In this work, we tested a fused-end fiber bundle combined with a beam
shaper capable of delivering more than 20 MW (>100 mJ/5 ns). The fiber bundle was tested over
more than eight hours of operation, with different bending radiuses down to 15 mm. The results
demonstrate, to the best of our knowledge, the highest peak power delivered through a flexible
fiber, for a frequency-doubled Q-switched Nd:YAG laser.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Q-switched Nd:YAG lasers have been used in industry and medicine for a wide array of
applications, including hard and soft tissue ablation [1-4], laser-based diagnosis [5,6], laser-
induced breakdown spectroscopy (LIBS) [7-9], laser-induced shockwave measurement [10-12],
photoacoustic imaging/tomography [13,14], particle image velocimetry (PIV) [15], nanoparticle
synthesis [16—18], laser shock processing [19], spark generation (laser ignition) [20,21] as a
feedback mechanism for tissue-specific laser surgery [22-24]. Q-switched Nd:YAG lasers can
emit nanosecond pulses at a center wavelength of 1064 nm, with harmonics of 532, 355, 266, and
213 nm. These lasers are also widely used to pump optical parametric oscillators (OPOs) to reach
different wavelength regions. For example, photoacoustic imaging/tomography applications could
require wavelengths in the 600 to 800 nm region [13,14]. In such applications, laser line mirrors
and prisms are typically used to deliver the laser beam to the point of interest. However, this
type of free-space delivery is not applicable to remote, standoff, or endoscopic applications. For
standoff applications, telescopes are used to deliver and collect light over a long-distance, while
remote and endoscopic applications depend on optical fibers for the same purpose. Compared to
continuous wave (CW) and pulsed lasers with long pulse durations (milliseconds to microseconds),
nanosecond pulses are more challenging to deliver through optical fibers due to their high peak
power (the shorter the pulse duration, the higher the peak power). The nanosecond pulses induce
more damage caused by laser-driven shockwaves (a result of higher peak energy levels), compared
to ultra-short laser pulses (picoseconds to femtoseconds) [25]. The generated shockwaves can
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easily crack the fiber material (glass) [26]. Considering the high peak power of Q-switched
lasers (mJ/ns = MW) and the small diameter (cross-section) of optical fibers (1073-107% cm?), the
fiber optic often faces a peak power density (GW/cm?~TW/cm?) that exceeds the laser-induced
damage threshold (LIDT) of the glass material. To overcome these challenges, a number of
alternatives have been proposed. Sapphire fibers, for example, have a higher LIDT than silica
glass fibers. They are, however, more expensive, with a limited choice of length and core size
on the market. Additionally, the minimum bending radius (mBR) of a sapphire fiber is much
higher than that of a silica fiber with an equal outer diameter. Hollow-core fibers present another
possible solution, but they are more suitable for infrared (IR) wavelengths due to the limited
smoothness (finesse) of the coating material on the internal surface of the capillary [27]. Other
limiting factors of hollow-core fibers include a dramatic increase in attenuation (loss) as it bends
[27-29] and optical breakdown (air plasma creation) inside the capillary (bore). To overcome the
latter, researchers have experimented with blowing an inert gas with a higher plasma generation
threshold into the capillary, and reducing the air pressure by creating a vacuum [29]. While the
results showed an improved LIDT, the setup was highly complex (requiring a rotary pump and
pressure gage) and bulky, especially at the tip of the fibers, making the technique unsuitable for
endoscopic applications.

In glass fibers, damage typically occurs at the facet where air and glass interface. The LIDT of
the air-glass interface depends heavily on the polishing quality; therefore, a cleaved fiber is often
preferred over polished fiber, especially when a high-quality polishing machine is not accessible
[19,30]. The most frequently used method for increasing the LIDT at the air-glass interface is to
taper the tip of the fiber and apply an end-cap [31,32]. Applying pressurized air to the fiber tip
also helps to remove dust particles that may lead to plasma generation. Placing the coupling optic
inside a vacuumed box can also prevent plasma generation, although it increases the complexity
of the setup [29]. Another possible means to increase the LIDT is to use large-core optical fibers,
up to 1500 um (the bigger the fiber cross-section, the lesser the need to use a high irradiance,
tightly-focused beam for coupling). Different fiber diameters, mBRs, and delivered peak power
levels are listed in Table 1. while Table 1 shows that delivering high peak power levels is possible
with large core diameter fibers (a potential candidate for remote applications), large core fibers
are not suitable for endoscopic applications, where flexibility is imperative. More specifically,
increasing the cross-section of the fiber core increases the fiber’s tolerance for power; however,
it reduces the mBR of the fiber. Therefore, large core fibers cannot be inserted into flexible
endoscopes (flexiscopes). An alternative approach would be to bundle fibers with a cross-section
large enough to prevent the use of tightly focused beams for coupling, and a combined fiber
diameter small enough to maintain bending capabilities. Fiber bundle diameters can be adjusted
depending on the needs. A few studies have shown that delivering nanosecond pulses with thick
fiber bundles (up to 5, 8, or 9 mm diameter) is possible [13,33-35]. Another benefit of using
fiber bundles is that light cannot travel between the fibers within a bundle, thereby preventing
self-focusing.

In general, the output intensity profile of a laser has a Gaussian intensity distribution. In the
case of fiber coupling, the Gaussian profile of the laser can induce a hot spot a few millimeters
after the fiber facet mainly due to the high intensity of the reflected beam at the center of
the fiber [15]. Therefore, to avoid related damages, it is necessary to homogenize the laser
beam profile. Homogenization can be achieved using a lenslet array (spherical/cylindrical) or a
diffractive optical element (DOE). A homogenized beam (ideally top-hat-shaped) can prevent
self/re-focusing (also known as self/re-imaging) inside the fibers. It is worth mentioning that the
distribution of a Gaussian input beam might be altered at the bundle’s output for non-ordered
bundles, while this is not the case for top-hat beams. For this reason, large-core fibers are mostly
used in combination with a beam homogenizer [14,19,49]. Beam shaping can also help to obtain
a uniform ablation crater, which is required for some applications. The crater produced by the
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Table 1. Delivered peak power and estimated mBR for different fiber diameters?.

Tcore/clad/bundle Estimated Power [MW]
A [nm] Type Core [um] mBR [mm] (E/t) [mJ/ns] Assisted by Work
1064 single solid 100/-/- 10-31 0.5 (3/6) - [36]
100/120/- 12-36 2.3 (16/7) DOE [37]
200/-/- 21-62 2.5 (15/6) - [36]
275/-1- 28-85 3.3 (30/9) - [30]
300/-/- 31-93 4.7 (70/15) taper [31]
15 (120/8) taper [32]
400/-/- 41-124 3.5 (35/10) - [38,39]
5.3 (80/15) taper [31]
470/-/- 48-145 7.5 (45/6) - [36]
500/-/- 52-155 2.1 (12.5/6) vacuum box [40]
hollow 350/-/- 36-108 2.9 (21.5/1.5) - [41]
5.9 (47/8) He [20]
500/750/- 75-225 4.3 (30/7) - [27]
500/-/- 52-155 5 (30/6) - [21]
8.3 (50/6) He [42]
9.8 (142/14.5) - [28]
17.6 (158/9) vacuum cell [29]
20 (100/5) - [43]
bundle solid -/-14500 - 16 (80/5) - [13]
hollow 350/430/2750 45-131 24 (145/6) - [44]
33 (200/6) N, [45]
532 single solid 500/517.5/- 52-155 1.3 (12.8/10) - [46]
500/-/- 52-155 3.4 (24/17) - [47]
4.1 (29/7) - [48]
750/-/- 77-232 20 (100/5) lens array, Nj [19,49]
hollow 500/-/- 52-155 10 (50/5) - [43]
10.7 (75/7) He [50]
bundle solid 100/110/550 11-33 3.1 (25/8) DOE [15]
hollow 350/430/2750 45-131 10 (70/7) - [51]
17.5 (105/6) N, [45]
355 single hollow 500/-/- 52-155 0.29 (2/7) He [50]
266 single hollow 500/-/- 52-155 0.14 (1/7) He [50]
3 (15/5) - [43]
OPO single solid 500/517.5/- 52-155 12 (48/4) lens array [14]
750/775/- 78-233 15 (60/4) lens array [14]
bundle solid 92.5/100/4000 14.3-343 6.4 (32/5) - [35]

%A hyphen (-) indicates that a parameter is not applicable or was not mentioned in a study. Estimated mBR ranges
derived based on the method described in Sections 2.2 and 2.3 (for unknown cladding radiuses, the radius of the core
plus 3 % has been used for calculations). The method for estimating mBR is more accurate for solid core fibers than for
hollow-core fibers.
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top-hat laser beam is much smoother and flatter than that produced by the traditional Gaussian
beam. Besides, it has recently been shown that using a homogenized beam for LIBS reduces
the plasma shielding and matrix effect, improves the signal intensity and repeatability due to
uniform beam energy distribution, and results in less unwanted heating [52,53]. When using
a Gaussian beam for launching fiber bundles, fibers located in the central part of the bundle
encounter more power than those located in the outer part. Therefore, while centrally located
fibers might incur damage, the outer fibers can still deliver power. In this study, we report on the
use of a fiber bundle in combination with a top-hat beam shaper for flexible delivery of second
harmonic pulses of a Q-switched Nd:YAG laser beam.

2. Materials and methods
2.1. Fiber material

In our experiments, we used an incoherent silica fiber bundle. Silica is the most widely-used
material for optical fibers, mainly because of its flexibility and availability and because it costs
less than other fiber materials. Moreover, as compared to other glass materials, e.g., borosilicate
glass (BK7), fused silica does not demonstrate any correlation between the number of shots
and LIDT, due to its short lifetime decay from the conduction band to the valance band [54,55].
Low OH silica (below one ppm) was selected as the fiber’s core material (CeramOptec GmbH,
Bonn, Germany). Fluorine-doped (F-doped) silica made up the cladding material. No buffer
was provided. Four different jacket materials were available, each with different operating
temperatures: polyimide (—190 to +350 °C), ethylene tetrafluoroethylene (also known as ETFE)
(=40 to +150 °C), nylon (—40 to +100 °C), and acrylate (—40 to +85 °C). Of these, polyimide
was selected due to its higher operating temperature.

2.2. Bending radius

Glass fibers have a limited bending radius. Under a tight bend, the inner and outer surfaces of the
fiber experience high compression and strong tension, respectively. Strong tension on the glass’
surface causes crack growth and, subsequently, fracture. To avoid this problem, a minimum
bending radius (mBR) is defined to determine the bending limit of a fiber. Bending the fiber
below this limit might result in a broken fiber. The bending limit or mBR is determined by fiber
specific parameters:

mBR = k.r €))]

where, k is a specific fiber material parameter and r is the outer radius of the cladding. Here, k is

defined as a ratio as follows: v
k=— (@)
o

where Y is the Young’s modulus of the fiber material, and o is the highest amount of tension that
the fiber experiences at the outer surface of the bend [56,57]. Young’s modulus for silica-based
glass is equal to 72 GPa (=10,440 kpsi). The fiber material used in this study has a standard proof
test of 70 kpsi (measured by the manufacturing company). Therefore, parameter k was calculated
to be 149.14. However, the fiber might survive for a short period with a bending radius below
this limit. Even so, the breaking radius is larger while the fiber is run with lasers, especially
with high-power lasers. For instance, Sun et al., found that the strength of their fiber diminished
by approximately 2 to 3 times after applying a high-power laser. For silica-based fibers, the
parameter k typically ranges between 80 and 110 for short-term mBR, and between 160 and
300 for long-term mBR; the higher the applied power, the higher the k parameter (indicating
a decrease in strength). The short-term bending radius is defined as a mechanical stress limit,
meaning that the fiber might be irreversibly damaged or even broken if subjected to a bending
radius lower than the one defined. Likewise, fibers should not be held at the short-term mBR
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limit for more than 60 seconds. Long-term mBR is defined as the limit before causing damage to
the fiber; however, bending loss may be high as the fiber approaches the long-term mBR. For the
purchased silica fiber, the manufacturer determined that k=100 and k=300 for short-term and
long-term mBR (while working with high-power lasers), respectively.

2.3. Fiber bundle

Like a stranded wire that can be bent more easily than a solid wire with the same diameter, a
fiber bundle has a much smaller mBR than a single fiber with the same diameter. To estimate the
mBR of a fiber bundle, the following equation can be used:

mBR' =mBR+71" —r 3)

where mBR’ and mBR represents the mBR of the fiber bundle and that of the individual fibers
used to develop the bundle, respectively; »” and r represents the radius of the fiber bundle and of
the individual fiber, respectively. As shown in Eq. (3), adding several individual fibers beside
each other do not add up to the mBR more than the bundle radius. Figure I illustrates the
difference between the mBR of an individual fiber versus that of the fiber bundle.

<—— mBR of individual fibres
<—— mBR of fiber bundle
«— difference between mBRs

Fig. 1. The difference (black arrow) between the mBR of a single fiber (red arrow) and that
of a fiber bundle (blue arrow).

As shown in Fig. 1, the difference between the mBR of a single fiber and that of a fiber bundle
is less than the radius of the bundle. Therefore, by utilizing a fiber bundle, the cross-section of
the fiber can be increased while keeping the mBR short. To find the ratio between the mBR of a
fiber bundle and the mBR of a single fiber with the same radius as the fiber bundle, irrespective
of the radius of the fibers in the bundle, a packing problem must be solved. In mathematics, the
packing problem is used to determine how many circles (with the same radius) can fit into a
bigger circle by minimizing the space between the circles. In other words, solving the packing
problem finds the most compact arrangement for a defined number of neighboring circles of the
same size, for which the geometry of that group of circles is similar to another big circle. There
is no unique equation that can determine the ratio between the radius of packed circles and that
of the surrounding circle; there is only a conjectured upper bound, as introduced by David W.
Cantrell [58]. Employing Cantrell’s upper bound, we have:

4p
- 7 1/2
4p -1+ (16p? + (16n-24)p + 1)

where f,, is the fraction describing the ratio of the surrounded circle to the surrounding circle, n is
the number of individual fibers used to develop the bundle, and p is the density of an infinite
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hexagonal packing of circles:

_ T
2(3)"/?
However, for a few n, Cantrell’s conjectured upper bound has been violated [58]. Since 1967

[59], the packing problem for n number of surrounded circles has been solved and improved

upon by different research groups [60,61]. A database hosted by Otto von Guericke University

Magdeburg provides answers to packing problems up to N=2600 [58]. By using the best-known

packings of equal-sized circles within a circle as given by the database, a fraction of surrounded

circle radius to the surrounding circles radius, f;,, can be assessed.
Combining Egs. (1), (3), and (4) we derive:

0 ~0.91 (5)

mBR”
mBR

=k(fy(k— 1)+ 1)7! (6)

Here, mBR" represents the minimum bending radius of a fiber that has the same radius as
a bundle with a minimum bending radius of mBR. Employing Eq. (6) improvement of mBR
by using n number of individual fibers in a bundle is calculatable, irrespective of the radius of
fiber or bundle. Figure 2 shows the improvement in mBR for k=100 (short-term) and k=300
(long-term) for different numbers of individual fibers in a bundle.
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Fig. 2. The fraction of individual fiber radius to bundle radius (f;,), and mBR improvement
(long-term and short-term) for a bundle of n individual fibers.

In this study, an 800 m long multimode fiber was divided into 800 pieces of 1 m long fiber
pieces to make the bundle. Both ends were polished to 0.3 um specification (performed by the
manufacturing company). Therefore, as shown in Fig. 2, the short- and long-term mBRs were 24
and 28 times smaller, respectively, than a single fiber of the same radius as the bundle.

Even though the use of fiber bundles over single large-diameter fibers is highly advantageous
in terms of mBR, the coupling efficiency (i.e., that ratio of the coupled energy to the incident
energy) of a fiber bundle is less than that of a single fiber. Two main reasons account for the
reduced coupling efficiency. First, in a single fiber, the light is focused on the core area, while in
a fiber bundle, the light faces both the core and cladding area of individual fibers in the bundle.
At the tip of the bundle, plastic/polymer parts, like the jacket, are detachable, but the cladding is
made of glass and cannot be separated from the core before fusing. Therefore, thin cladding
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is desirable to reduce the cross-section of cladding at the tip of the bundle. In this study, the
individual fibers used to develop the bundle had a core and cladding radius of 50 um and 53 pm,
respectively. Second, the gap between the fibers also reduces coupling efficiency. The ratio of
the glass area to the gap area in the tip of a bundle is called density or fill factor. Based on the
number of individual fibers in the bundle, the density may differ. To reach a higher filling factor,
the number of fibers can be increased. However, based on the number of individual fibers in
the bundle, a few loose fibers are to be expected. Without loose fibers, wrapping the individual
fibers would be enough to fix the position of the fibers in the bundle. For instance, Stephens et al.
developed a bundle of 19 fibers, and managed to fix the fibers by mechanically holding them in a
close-fitting tapered glass capillary tube [15]. However, in most cases, a few loose fibers are
likely. Figure 3 shows the density and number of loose fibers based on the number of individual
fibers in the bundle. A horizontal line, demonstrating the density limit, acquired from Eq. (5), is
depicted in Fig. 3 as well.
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0 100 200 300 400 500 600 700 800 900 1000
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Fig. 3. Theoretical density and number of loose fibers for packing of » individual fibers.

Since light cannot travel over a long distance in the cladding, and also considering the limitation
of a fiber bundle’s density, the following equation can be used to estimate the coupling efficiency
of the bundle: 5

Bundle coupling efficiency §p(m) @)

Yclad

where p, reore, and reuq represent the density, the radius of the core, and the radius of the
cladding, respectively. Since the light will be sent through the central part of the fiber bundle
and because gaps exist in the outer part of the bundle, we can consider the maximum density
of a hexagonal packing of circles [Eq. (5)]. Equation (7) determines a coupling efficiency of
approximately 81% or less from our fiber bundle. Figure 4 represents a simulation of a bundle of
800 fibers, packed with the most compact known geometry. In this configuration, the fibers have
1,746 contacts, 95 of which have contact with the container (the outer circle); however, 23 loose
fibers exist, and are depicted in gray in Fig. 4. The density of this configuration is 0.86, and it has
an f,, value of 0.033 [58].

Due to the existence of loose fibers (fibers that still have a degree of freedom for movement
inside the container; so-called rattlers) in the bundle, holding the 95 boundary fibers would not
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Fig. 4. Simulation of packing 800 individual fibers with a radius of 53 um (r},4) in a circle
(capillary container). The fibers with a degree of freedom for movement are colored in gray.
The yellow zone shows the wasted areas (approximately 14 % without fusion).

be enough to fix them. At the output facet, the fibers could be glued to each other, but this would
not work for the input facet (subjected to high peak power pulses), due to the low LIDT of glues.
Therefore, at the input facet, fibers were fused to each other (jackets removed). Fusing the fibers
also served to increase the density by filling the gaps between fibers. During the fusing process
(performed by the manufacturing company), the fibers attained a hexagonal shape. Filling the
gaps reduced the outer diameter of the bundle as well.

2.4. Output energy measurement

To measure laser energy, a high damage threshold energy meter (EnergyMax-USB J-5S0MB-YAG,
Coherent Inc., United States), was used, depicted as EM in Fig. 5. The delivered energy was
measured directly by placing the EM in front of the fiber bundle.

2.5. LIDT measurement

To determine the bundle’s LIDT, we utilized the second harmonic of a Q-switched flashlamp-
pumped Nd:YAG laser (Q-Smart 450, Quantel, France) with a pulse duration of 5 ns providing
a Gaussian beam output (M? below 2). For this part of the experiment, a single convex lens
(indicated as FL in Fig. 5) was used for focusing (i.e., no beam shaper (BS) or aperture (A) was
used). The laser’s energy was gradually increased by reducing the delay between the flashlamp
and Q-switch until damage was observed. A longwave infrared (LWIR) thermal camera (FLIR
A655sc, FLIR Systems AB, Sweden) was initially used (depicted as TC in Fig. 5) in the setup;
however, it was later removed as it failed to record any temperature change when damage occurred.
This thermal camera shows the average recorded thermal radiation (accumulated heat) over each
frame (tens of ms), while damage occurs within the range of laser pulse duration (ns), hence
temperature change at the moment of damage could not be recorded. By obtaining the LIDT for
a specific beam parameter, LIDT for another beam specification (close to the original one) can be
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DM

=

[Nd:YAG Laser SHGJ‘

Fiber bundle

Fig. 5. Schematic of the experimental setup. Parts inside dash-dotted rectangles have been
replaced with parts inside dashed rectangles of the same color during different parts of the
experiment. Components inside red rectangles with rounded corners were present in some
parts of the experiment only. SHG: Second Harmonic Generator, DM: Dichroic Mirror, M:
Mirror, BD: Beam Dump, BS: Beam Shaper, FL: Focusing Lens, A: Aperture, AN: Air
Nozzle, TC: Thermal Camera, SP: Stationary Plate, MP: Moving Plate, TS: Translation
Stage, EM: Energy Meter, BP: Beam Profiler, CCD: Charge-Coupled Device, IL: Imaging
Lens, ND: Natural Density filter, CL: Collimating Lens.

estimated using the following equation:

() GG w

/l] T] PF 1
where A is the wavelength, 7 is pulse duration, and PF is the profile factor. In most cases, j; and
Jr can be approximated as 1 and Y2, respectively; however, a few studies have reported different
numbers [26,54,62,63]. PF represents the homogeneity of the beam profile. As a rule of thumb,
a top-hat-shaped laser beam has a PF approximately two times better than that of a typical laser
with a Gaussian intensity distribution. In a Gaussian distribution, the percentage of photons
within a band around the mean, four standard deviations wide (20 on either side of the mean),
is around 95%. Assuming a rectangular top hat (in a two-dimensional plane), a top-hat beam
with the same width (20 from either side of the mean) and only half the height of the Gaussian
distribution would encompass the same number of photons (assuming 5% loss for top-hat beam
shaper) as the Gaussian beam. Therefore, individual fibers at the center of a bundle illuminated
with a Gaussian laser beam have a two times higher chance (than average) of being damaged.
Contrastingly, with top-hat illumination, most of the individual fibers tolerate the same amount of
energy. In sum, by converting the laser beam from Gaussian to top-hat, we can expect a two-fold
increase in the bundle’s ability to handle power.

J J
LIDT(/IZ,TLPFz) % ]z LIDT(/llle »PFI)[ %

2.6. Beam shaping

We used a high damage threshold top-hat beam shaper, GTH-5-250-4-532 (TOPAG Lasertechnik
GmbH, Darmstadt, Germany), with an antireflection coating at 532 nm. The beam shaper had an
integrated lens with a 250 mm focal length. It required an input beam with a diameter (1/e?) of
approximately 5.0 + 0.15 mm, TEMyy.

The beam shaper’s free-form surface redistributed a top-hat square beam with beam homo-
geneity of +5 % (in reference to the average intensity within the top-hat beam) and a size of
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4 x 4mm? (scalable with an additional lens) at its focal length. Since the top-hat size created
exceeded the diameter of the fiber bundle, an additional lens with a 500 mm focal length was
placed after the beam shaper to adjust the size of the top-hat beam. The beam shaper has been
shown as BS in Fig. 5. The following equations show the working distance and top-hat beam size
of the beam shaper in combination with an additional lens.

working distance ~ Sida_ 9
fi+Ja
. working distance fa
top hat size [mm] ~ 4 = (10)
fi fi+Ja

In Egs. (9) and (10), f; is the integrated focal length (250 mm), and f, is the focal length of
the additional lens (500 mm). However, using an input beam with a larger diameter results in a
larger top-hat output at a slightly shorter working distance, with rounded corners/edges. A round
diaphragm was used to aperture and change the profile of the beam from square to round before
entering the fiber bundle.

Another benefit of using a beam shaper to couple the light into the fiber (compared to a
single-lens setup) is that it enters the fiber with a very low numerical aperture (NA). Launching a
fiber with a low NA (low incidence angle) results in filling the fiber with low-order modes, also
known as an underfilled launch condition. Low-order modes are less sensitive to bending than
high-order modes as the total internal reflection (TIR) angle is not close to the critical angle of
the fiber. Therefore, by changing the critical angle of the fiber during bending, the TIR condition
is still fulfilled. More information is provided in Section 2.8.

2.7. Beam profiling

A custom beam profiler was used to observe the profile of the laser at the fiber output. The setup
consisted of a collimating lens, a natural density filter, an imaging lens, and a megapixel CCD.
The setup of the beam profiler is shown as BP in the delineated experimental setup shown in
Fig. 5. The beam profiler, depicted in a blue dashed rectangle, was replaced with the energy
meter (EM), shown inside the dash-dotted blue rectangle, after the profiling experiments.

2.8. Durability and bending loss measurement

To maximize the repeatability of any laser experiment, keeping the laser power constant throughout
the experiment is vital. Therefore, for potential flexiscopic applications, the power of the laser
is required to remain constant while the fiber is under different bending radiuses. Thus, we
simulated whether the developed fiber is bend-sensitive or bend-insensitive. Next, the simulation
has consequently been supported by the experiment.

Light delivery inside solid core waveguides is based on total internal reflection, thus, bending
loss occurs only if the light inside the fiber core cannot be reflected back from the cladding to
the core. Based on the refractive index of the core and cladding, a critical angle is defined for
guidance. Hence, the fiber can deliver light rays propagated into the core below the critical angle,
which limits the incidence angle of the light entering the fiber. The critical threshold for the
incidence angle is called the acceptance angle (see Fig. 6). Alternatively, NA can also be used to
assess the acceptance angle. The critical angle (6.,), acceptance angle (6,..), and NA of fibers
are related to the refractive index of the core (n.,,.) and of the cladding (n.;,4), according to the
following equations:

Nelad
core

.- . 1
Ocrir = Sin ! ( ) , NA =ngyy sinfy. = (n2 - n?[ad)z (1)

Neore

where n,,; is the refractive index of the fiber’s outside environment. Figure 6 illustrates the
definition of 6.,;; and 6.
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Jacket
Cladding
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Fig. 6. A beam entering the fiber with an angle equal to or below 6, refracts at angle
6, and reflects from the core-cladding interface with an angle equal to or greater than 6,
(complementary angle of 6,). Beams outside of these boundary limits (e.g., red beam in the
figure) would not be able to follow TIR and will be absorbed by the jacket (if the fiber has
one).

Since all parameters mentioned in Eq. (11) are wavelength-dependent, they need to be known
for the wavelength of the employed laser (532 nm). The fiber core and cladding were silica
glass (also known as silicon dioxide, SiO»,), and F-doped silica, with refractive indexes of 1.457
and 1.440 (at 632.8 nm), respectively. The NA was 0.22 at the standard helium-neon (He-Ne)
laser wavelength (632.8 nm). The Sellmeier dispersion equation [64] can be used to model the
refractive index of silica at the center wavelength of the laser (532 nm):

Sl By C 0.6961663  0.0684043>
M Bl 2
n(/l):(l+zizlﬁ), B, G | =| 04079426 0.11624142 (12)
- L
B Gy ) | 08974794 9.8961610°

where A [um] is the wavelength, and B; [dimensionless] and C; [pmz] are experimentally
measured Sellmeier coefficients; the three-term (M=3) equation yields an absolute residual in
the order of 107 at 20° C [65]. Employing Eq. (6), n¢ore at 532 nm was calculated to be 1.460.
A next step was to estimate n.,; at 532nm. Based on the percentage of the doped fluorine,
the refractive index varies from the pure silica; the higher the dopant percentage, the lower the
refractive index [66]. The percentage of fluorine dopant can be estimated through the following
equation, with an accuracy greater than 107* [67]:

nsilica(/l) - nF(/l)
4.665.1073

where dp(Q) is expressed in [Mol %]. By solving Eq. (7), with refractive index data for the He-Ne
wavelength, and subsequently with the achieved dopant percentage and core refractive index
for the frequency-doubled Nd:YAG wavelength, the cladding refractive index at 532 nm was
estimated to be 1.443. The next step was to find the change in the refractive index while the fiber
bends. The refractive index of a fiber core/cladding under a certain bending radius (BR) can be
determined by the following equation [68—70]:

dp() = 13)

X
oens = s 1+ (14 ) £ (14)

where y is an elasto-optic parameter equal to —0.22 [dimensionless] for silica material [68—70],
and x [expressed in the same dimension as BR] is the transversal distance from the center of
the core cross-section, positive outwards and negative towards the center of curvature. Figure 7
shows the acceptable NA (upper limit), 6,.. (upper limit), and 6.,;; (lower limit) for different BRs.

According to the simulation depicted in Fig. 7, at long-term BR (k=300) incident beams with
NAs greater than 0.20 (incident angle greater than 11.5 degrees) would not be guided through the
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Fig. 7. Acceptable NA (upper limit), 8,4.c (upper limit), and 6.,;; (lower limit) for different
BRs, including long-term (k=300) and short-term (k=100) BRs.

bent fiber due to increased 6.,;; (82.1 degrees). Similarly, for short-term BR (k=100) the limiting
NA is 0.16 and also the limiting incident and critical angles are 9.2 and 83.7 degrees, respectively.
Figure 7 clearly shows that the bending loss depends strongly on the launch condition. Due to
the very low NA launch condition employed in this study, no bending loss was expected.

To evaluate the durability of the fiber bundle, the laser operated for one hour at 1 Hz (3600
pulses) while the fiber was bent into a half-circle. Each pulse of delivered energy was recorded
with the energy meter connected to a computer. The above-mentioned durability evaluation
experiment was repeated three times.

To measure the bending loss, the fiber bundle was placed between two plates; the first plate was
attached to the optical table, and the second one was attached to a motorized stage (8MT167S-
25LS, Standa Ltd., Lithuania) moving with a step size of 100 um (dashed brown box in Fig. 5).
The following procedure was repeated three times: first, the fiber bundle was configured to
the long-term mBR (17.6 mm) and kept at the same position while the laser operated at 1 Hz
for 1 hour (3600 pulse measurements). Then, as the BR was adjusted from 17.6 to 15.0 mm,
with a step size of 100 um, 100 pulses were delivered through the fiber bundle at each step. A
bending radius of around 15 mm has been reported as a necessary bending radius for endoscopic
applications [71]. Each pulse of delivered energy was recorded with the energy meter connected
to a computer.

3. Results and discussion
3.1.  Fiber bundle

Figure 8 shows the fiber bundle input cross-section as captured by a fiber inspection scope (FS201,
Thorlabs Inc., United States) manually connected to a cellphone camera.

Filling the gaps (during the fusion process) between the individual fibers increased the density
and, consequently the coupling efficiency. Likewise, the profile (cross-section shape) was changed
from circular to semi-hexagonal, particularly for the fibers far from the center of the bundle.
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Fig. 8. Image of fiber bundle input cross-section as captured by a fiber microscope, with a
field of view (FoV) of approximately 600 um.

3.2. LIDT measurement

Our first attempt to examine the fiber bundle made use of a single convex lens focusing (FL
in Fig. 5) setup, while the fiber was bent into a half-circle (brown dash-dotted box in Fig. 5)
with a BR=318.3 mm. To avoid laser-induced air breakdown, a long focal length lens (f=75 cm)
was utilized (the higher the focal length, the bigger the focal spot). To increase the beam size
at the fiber input, the fiber tip was placed 18.8 cm after the focal spot, filling approximately
half of the fiber bundle end face. While an air nozzle was applied to the tip of the fiber input
and a thermal camera monitored the tip, the energy of the laser was gradually increased until
damage was observed. The damage occurred at an input peak power of 15.52 MW (77.6 mJ/5 ns),
while the output power was 12 MW (60 mJ/5 ns), with a Gaussian beam profile. These numbers
correspond to a delivery efficiency of 77.3 %. Using the beam spot size at the fiber input, the
damage threshold was calculated to be 0.87 GW/cm? (Gaussian, 532 nm, 5 ns). Given the slightly
lower LIDT of F-doped silica, compared to pure silica [72], we assume that the damage originated
from the cladding. Figure 9 shows the fiber input after being damaged.

The bundle was sent back to the manufacturer for repair, the thermal camera was removed
from the setup (as it did not record any temperature change), and last but not least, a beam shaper
(to homogenize the beam profile) and an aperture (to change the beam profile from square to
round) was added to the setup. The fiber bundle was 5 cm shorter after repair. Therefore, the
remaining experiments were carried out using a 95 cm fiber bundle.

3.3. Beam profiling

To profile the beam at fiber output, a custom-made beam profiler (BP in Fig. 5) replaced the
energy meter (EM in Fig. 5) in the experimental setup. Beam profiling was performed with low
energy to avoid ablating the CCD while the fiber was bent (BR=302.2 mm) into a half-circle
(brown dash-dotted box in Fig. 5). Figure 10 shows the difference between the profile of the fiber
bundle output beam without and with using a top-hat beam shaping setup placed before the fiber
bundle.

As evident in Fig. 10, no hot zone was captured when the top-hat beam shaper was employed.
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Fig. 10. Profile of fiber output beam without (a) and with (b) top-hat beam shaper. For
each beam profile, ten different measurements were averaged. The Gaussian and top-hat
beam measurements had a relative standard deviation of 8.3% and 5.8%, respectively.

3.4. Durability and bending loss measurement

Figure 11 shows the durability and bending loss measurements for three consecutive measurements
(a, b, and ¢).

For each repetition, while the bending radius was reduced from 302.2 mm (first hour) to
17.6 mm (second hour), no significant reduction in the delivered power was observed. The
average energy = standard deviation (SD) measured for the half-circle BR was 102.6 + 3 mJ. This
output energy was achieved while the input energy to the bundle was 133 mJ (coupling efficiency
of 77.1 %). Note that many laser parameters (e.g., beam profile, beam NA, and beam size at the
bundle input) and also bundle properties (e.g., acceptable NA, gaps between fibers, reflection
properties) can affect the coupling efficiency. An antireflection coating at the input facet of the
fiber bundle could further improve the coupling efficiency. The average energy + SD measured
for the long-term mBR was 100.2 + 3.1 mJ, and lastly the average energy + SD measured for BRs
smaller than the long-term mBR was 97.6 + 3 mJ.

Considering the fluctuations in the output energy of the laser, the repeatability of the energy
meter and consequently the high uncertainty of the measurements, no precise relation between
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Fig. 11. Three repeated (a, b, and c) output energy measurements. The measured energy
for each delivered pulse has been shown in black (associated with the left vertical axis),
and the bending radius at each measurement has been shown in red (associated with the
right vertical axis). For each repetition, the delivered energy was measured for one hour at
half-circle, one hour at the long-term mBR, and 45 minutes below the long-term mBR.

the transmission efficiency and bending radius can be derived. Nevertheless, the transmission
efficiency was estimated to be 2% less for the long-term mBR. This small change might be
related to mode mixing (coupling to higher-order modes), which occurred because of microbends
(imperfectly smooth core-cladding interface) [73]. Observing a higher output NA (approximately
0.1) can confirm the presence of mode mixing the bundle due to microbending. However, even
such a small change in the transmitted energy can be calibrated based on feedback from the
bending radius. Different sensing methodologies have been internally developed, capable of
providing feedback on the bending radius [74-76].

By performing beam shaping in this work, as compared to other studies using similar fused-end
fiber bundles [33-35], higher peak energy (102.6 mJ, as compared to 32 mJ/68 mJ) and peak
power (20.52 MW, as compared to 6.4 MW/13.6 MW) was delivered through a fused-end fiber
bundle with smaller active radius (1.5 mm as compared to 4 mm/2.5 mm) and smaller estimated
long-term mBR (17.6 mm as compared to 34.3 mm/30.1 mm).

4. Conclusion

A fused-end bundle of 800 fibers with high flexibility was introduced to deliver high peak power
Q-switched nanosecond Nd: YAG laser pulses at 532 nm. The fiber bundle was tested for more
than 8 hours (approximately 30,000 pulses) at different bending radiuses, down to 15 mm. Given
the low NA of the launch condition, the fiber bundle showed almost bend-insensitive behavior
and was capable of delivering pulses with peak power of more than 20 MW (>100 mJ/5 ns), even
at the defined long-term mBR. The maximum applicable peak power of the employed laser was
tested in this study. The fiber bundle, however, has the potential to deliver higher peak power
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levels. Due to homogenizing the laser beam profile using a top-hat beam shaper, all the fibers
in the bundle delivered the same energy level, providing high LIDT compared to that of the
Gaussian beam. To the best of our knowledge, this is the most flexible fiber delivery system
capable of delivering high peak power Q-switched laser pulses at 532 nm. The delivery system
developed has the potential for use in flexiscopic applications.
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